The absorption process is strongly influenced by the effective mass transfer area. In this study the effective mass transfer area in gas-solid-liquid three-phase fluidized bed was determined, in a fluidizing column having an internal diameter of 0.14 m and a height of 1.10 m. The solid packing is made of plastic hollow spheres of 0.01 m diameter, with 415 m 2 /m 3 geometric area and a density of 170 Kg/m 3 . The absorption of carbon dioxide from the air-carbon dioxide mixture with molar concentration of 0.05M, 0.08M and 0.1M CO 2 into sodium hydroxide aqueous solutions of 0.5N and 1.0 N has been employed as test reaction. The experiments were conducted with liquid load changing from 6.49 to 16.24 m³/(m² h) and gas velocity of 1.1 m/s and 2.1 m/s. It was found that the effective mass transfer area increased both with the increase of the gas velocity and the increase of the liquid spray density. It has been observed that the effective mass transfer area in gas-solid-liquid three-phase fluidized bed absorber is from three to eight times higher than the geometric area of the solid packing. A mathematical correlation has been established in order to predict the effective mass transfer area,under the specified conditions, with a deviation of less than 5%.
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Keywords: Effective mass transfer area, three-phase fluidized bed with low density inert solid packing, mass transfer model, chemical method, reaction regime The environmental problems have received much more attention all over the world. In the last few years there has been a continuous development of absorption processes, both for technological purposes and for gas depollution processes due to the severity of the legislation imposed for the prevention of air and water pollution. Therefore, the reactors used were diversified according to the appearance of new types of column interiors [1] [2] [3] . In order to obtain maximum absorption efficiency, it is necessary to use proper equipment to maximize gas-liquid contact, such as new columns with three phase fluidized beds [4] [5] [6] [7] . Gassolid-liquid three phase fluidized bed absorber is a mass transfer equipment in which the bed of low density packing is fluidized by the counter current flow of gas continuous phase and liquid as a dispersed phase. Low density inert solid of hallow spherical balls are used in the column being fluidized by gas. The solid packing, having no chemical effect on the process, maximizes gas-liquid contact. The intensive mixing of the solid packing in the column determines high turbulence and, enhances the mass transfer in comparison with conventional fixed beds. This contact mode between phases has many advantages for mass transfer systems in depollution processes: low pressure drop in the column, very high interfacial contact area per unit volume of the column, capability to process large volume of gases and low capital cost of the equipment. These attributes make the three phase fluidized bed absorbers technologically favourable for pollution control.
The efficiency of the mass transfer processes depends on many factors such as the effective interfacial mass transfer area, the mass transfer coefficients and the liquid holdup. Mass transfer performance can be characterized in terms of two parameters: the mass transfer coefficient (k G or k L 0 ) and the gas-liquid mass transfer area, also referred to as the effective transfer area (a e ).
One of the most important efficiency parameters for the separation columns is the effective interfacial mass transfer area (a e ) provided by the column internals. To * email: sdragan@chem.ubbcluj.ro achieve the optimum column design, accurate knowledge of effective mass transfer area (a e ) is vital. Current research is focused especially on the effective mass transfer area measurement of three phase fluidized bed column with low density inert solid packing.
The most usual absorption system employed for determining interfacial mass transfer area with the use of the chemical method is the reactive absorption of CO 2 into aqueous solutions of sodium hydroxide [8] [9] [10] [11] [12] . The liquid phase reaction is considered to fall in the fast reaction regime with the mechanism given by Tsai [11, 12] .
The effective mass transfer area can be calculated using a reactive absorption system such as air-CO 2 -NaOH. Because the kinetics of the system is well-known and the chemicals are easy to handle, this system with a pseudofirst reaction order has been chosen as a model reaction in this study. The absorption process can be described using the two film theory, where the liquid phase mass transfer coefficient is corrected for the chemical reaction [9] .
When carbon dioxide is absorbed and reacts with aqueous sodium hydroxide solutions, the following three reactions take place [13] :
Reaction 1 denotes the physical absorption of CO 2 by water, accompanied by the heat of the solution. Reaction 2 can be known as the rate controlling step because reaction 3, a proton-transfer reaction, is about 1000 times faster than reaction 2 [14] . Therefore, the overall reaction can be represented by equation 4. (4) When the sodium hydroxide is in excess, the reaction between the dissolved carbon dioxide and the sodium hydroxide in solution is total end irreversible. According to (1) 
Danckwerts mass-transfer model [8] the reaction rate can be expressed as: (5) The mass-transfer process of the carbon dioxide absorption is controlled by the liquid film, according to Henry's law: (6) In the fast reaction regime, defined by Hatta number, Ha>5, the enhancement factor equals the Hatta number and the rapid chemical reaction is not influenced by the liquid side mass transfer coefficient k L so that, the equation of the reaction rate becomes: (7) The solubility coefficient of carbon dioxide in the electrolyte solution can be estimated as follow:
For the system CO 2 -NaOH-H 2 O ion coefficients are [8] : (10) So, K s =0,159 and equation (8) become: (11) The solubility coefficient of carbon dioxide in pure water, H 0 , depends only on temperature and can be calculated with relation [8] : (12) The rate constant of the pseudo-first-order reaction is k 1 and its relationship with temperature and ionic concentration is [9, 15] : (13) where k 2 is the pseudo-second-order rate constant.
The formula for the ionic strength is as follows: (16) Using the equation system (17): (17) the concentration of carbon dioxide at interface
When the Hatta number is Ha>5, the enhancement factor E=Ha and the absorption rate equation becomes: (18) The condition E=Ha, when Ha>5, is necessary but not sufficient, because at Ha>5 the reaction may become spontaneous, therefore there is a global condition that must be fulfilled [8] : (19) If were present the equation (18), the effective mass transfer area (a e ) can be obtained as the slope of the straight line passing through the origin.
Experimental part
For determining the effective mass transfer area in three phase fluidized bed with low density inert packing, the rate of carbon dioxide absorption from air-carbon dioxide mixture in solutions of sodium hydroxide of two concentrations was measured.
The flow diagram of the experimental equipment used for the absorption rate and the effective mass transfer area measurements is represented in Figure 1 . When the steady state conditions were established in the column, carbon dioxide at specified concentration was mixed with the air and introduced into the column. In order to determine the carbon dioxide absorption rate into sodium hydroxide solution in the fluidized bed, gas phase at specified time was passed through the gas analyzer to determine the carbon dioxide concentration. The composition of carbon dioxide at the inlet and outlet of the column was measured using a calibrate BINOS 120 gas analyzer.
The experimental conditions are presented in Table 1 .
The gas mixtures containing 5%, 8% and 10% vol. CO 2 have been prepared from air and carbon dioxide of 99.99% purity from Linde Gas Romania. The aqueous sodium hydroxide solutions with 0.5 mol/l and 1 mol/l concentration have been prepared from distilled water and sodium hydroxide of 99.99 % purity from Merck GmbH. The absorption rate has been calculated out of the fluidized bed height (H sf ) measurement and the concentration of carbon dioxide in the gas phase at inlet (Y i CO2 ) and outlet (Y f CO2 ) from the column.
Results and discussions
For determining the rate of the mass transfer of carbon dioxide into sodium hydroxide solution of specified concentration in the three phase fluidized bed, the carbon dioxide concentration at the inlet and outlet of the system was used. With these values and the height of the fluidized bed, the absorption rate for the two concentrations of sodium hydroxide solutions and the two gas velocity were determined: (20) The reaction constant k 2 was calculated using the following relations:
Barett equation [16] : (21) Astarita equation [17] : (22) Pohorecki equation [18] : (23) And these are presented in Table 2 . From Table 2 it can be observed that the values of k 2 obtained with the equation (23) are approximatively the mean values obtained with equations (21) and (22), therefore these values were used.
The carbon dioxide diffusivity in pure water depends on the temperature as follows [8] : (24) While the diffusivity of the carbon dioxide in the sodium hydroxide aqueous solution was calculated by the equation [18] : (25) Using equations (24, 25) and the viscosity values of sodium hydroxide aqueous solutions, the diffusion coefficient D CO2 has been calculated. Henry constants of carbon dioxide in sodium hydroxide aqueous solutions have been determined and are presented in Table 3 .
In the Tables 4 to 7 the concentrations of carbon dioxide at interfaces, the absorption rates and the X coordinate from equation (18) are being presented.
The effective mass transfer area was determined as a slope of the straight line obtained from equation (18): and are plotted in
The determined numerical values of the effective mass transfer area are centralized in Table 8 .
The values from Table 8 show that the effective mass transfer area increased with an increase in both the gas velocity and the liquid spray density. At a constant concentration of the sodium hydroxide solution and a constant absorbent liquid loading the effective mass transfer area increases with gas velocity, from 1705 m 2 /m 3 (C NaOH =0.5 mol/l, v g =1.1m/s and q l =16.24 m 3 /m 2 h) to 3352 m 2 /m 3 (C NaOH =0.5 mol/l, v g =2.11m/s and q l =16.24 m 3 /m 2 h). The phenomenon can be explained due to the turbulence and the solid packing movements and due to higher gas velocity which determines the intensifying of the phase mixing and due to a better fluidization so that all these determine the increase of the effective mass transfer area.
At a constant concentration of the sodium hydroxide solution and a constant gas velocity the effective mass transfer area increases with the increase of the liquid spray density, from 1527 m 2 /m 3 (C NaOH =0.5 mol/l, v g =1.1 m/s and q l =6.49 m 3 /m 2 h) to 1705 m 2 /m 3 (C NaOH =0.5 mol/l , Table 1 THE EXPERIMENTAL CONDITIONS (T=293 K, P=1 bar) v g =1.1 m/s and q l =16.24 m 3 /m 2 h). An increase in liquid loading, increases packing buoyancy and a better fluidization is obtained. At a constant absorbent liquid loading and constant gas velocity, the effective mass transfer area decreases with the increase of the concentration of sodium hydroxide solution, from 1705 m 2 /m 3 (C NaOH =0.5 mol/l, v g =1.1 m/s and q l =16.24 m 3 /m 2 h) to 1490 m 2 /m 3 (C NaOH =1 mol/l , v g =1.1 m/s and q l =16.24 m 3 /m 2 h). This phenomenon can be explained using the two-films theory. The reaction of the carbon dioxide with sodium hydroxide takes place in liquid boundary layer, so carbon dioxide has to diffuse through the gas film and enter in the liquid film to reach the sodium hydroxide solution. Increasing the concentration of the sodium hydroxide solution causes an increased viscosity of the liquid, thus carbon dioxide diffusion in the liquid phase is slowed and the mass transfer area is decreased.
The values of the effective mass transfer area shown in Table 8 , were correlated with the liquid loading obtaining relationships of the type: (26) The constants in the equations were established by regression. The relationships (26) express dimensionless equations which are valid only for the specified conditions. Effective mass transfer areas predicted by these equations and the deviation from the values determined from the experimental data are shown in Table 9 .
From the Table 9 we can see that the equations (26) predicted the effective mass transfer area (a e ) in a good agreement with those values determined from experimental data with a deviation (ε) less of 5%.
Validation of the condition (19) . Under the carried out experimental conditions the values of Ha, β and Ha/β obtained with are presented in the Table  10 . Table 10 VALIDATION OF THE CONDITIONS: Ha>5 AND Ha/β<0.5 The data in Table 10 shows that the condition imposed by relationship (19) was fulfilled for the work experimental conditions.
Conclusions
The effective mass transfer area in three phase fluidized bed with low density solid particles has been determined. The absorption of carbon dioxide from a mixture of air-CO 2 into 0.5N and 1N aqueous sodium hydroxide solutions was employed as the model reaction of known kinetics.
The effective mass transfer area increases when gas velocity and the absorbent liquid loading increases and decreases with the increase of the concentration of the sodium hydroxide solution. The increase of the gas velocity causes more turbulences, therefore a better phase mixing and a bigger mass transfer area.
Increasing the liquid flow results into better fluidization and phase mixing which causes more surface renewal and fresher aqueous solution is minded for carbon dioxide diffuse in.
Increasing concentration of the sodium hydroxide solution causes increased viscosity of the liquid, thus carbon dioxide diffusion in liquid phase is slowed and mass transfer area is decreased.
The effective mass transfer area in three phase fluidized bed is from three to eight times higher than the geometric area of the packing. The values of the effective mass transfer area were correlated with the liquid loading in a relationship of dependence.
The experimental work conditions were validated.
